Mechanical behaviour of metallic material is different during its deformation as monometallic one in comparison with deformation as a component of composite. The different flow characteristics of two materials enhance the inhomogeneity of the extrusion process. This lead to poor tolerance throughout the extrudate fracture of the core or fracture of the sleeve. The concept of FEM Marc Mode has been presented with results which may indicate the possibility of assessment of existing fracture criteria for composite material. The present study shows that prediction based on the criterion including σ max ,  ,  , ε f is reflected in experimental results.
Introduction
The mechanical behaviour of material in metal forming process depends on mode of plastic flow, structural and mechanical effects and factors dealing with conditions of the process. The means of controlling the material structure and determining the influence of material properties on metal flow are basic information needed to describe physical nature of plastic deformation of metallic materials. It is essential to be able to predict mechanics of plastic flow and in consequence controlling the metal forming operation. Among the simplest forms of composite materials are bimetal rods or wires, which can be obtained in the course of co-extrusion process. Even in this simple case metal flow is very complicated especially because of non-homogeneity of the initial material [1] [2] [3] . Considering the mechanical behaviour of two different materials deformed together it is necessary to take into account two possibilities in the interface core -sleeve: sticking or sliding phenomena. It depends on the conditions of the co -extrusion process. Relative thickness of layers of the composite (components volume ratio), flow stress ratio (σ p hard component / σ p soft component ), the combination of flow types of the components and the conditions of contact and interface (core -sleeve) friction and a die shape are the main factors influencing plastic flow in extrusion. Analysis of theoretical mechanical behaviour allows to verify the features of the material under conditions of compression tests of composite initial material. It allows to define DOI 10.12776 (for considered model of composite material) the most important material constant and evaluate other parameters e.g. the factor of friction on the contact surface metal -tool, or on the interface between the core and the sleeve. One of special criterion for prediction of the fracture of the core or the sleeve in the extrusion process of composite is Avitzur criterion [4] , which has been based on assumption that product emerges without defect in the case of proportional flow only. It means that degrees of deformation of the core and the sleeve are equal. The results presented in [3] show that a composite of good quality may be obtained even when the degrees of deformation of components are not the same but different from the global degree of deformation of composite. The forms of the plastic zones in the extrusion of layered composite of sleeve -core system are dependent on many factors and finally may lead to non-proportional flow or defective flow with sleeve or core fracture. To avoid such negative phenomenon it is important to use the theoretical method for prediction of the conditions when fracture may occur. FEM may be applied to model and control metal forming process or predict possible negative phenomena. There are numerous papers concerning such problem [5] [6] [7] [8] [9] but up to now there is no enough good solution taking into account the real behaviour of various materials or choice of proper criterion of fracture.
There are many criteria of various formulas ( Table 1 ) and their application in the modeling leads to different results. 
Experimental materials and methods
There were made experimental tests of the extrusion process of composite materials, followed by the modeling process. Forward extrusion of layered composite rods were carried out using set of tools in a hydraulic press. Conditions of the process were as follow: forward extrusion, ram speed about 2mm/s, flat face dies leading to extrusion ratios R=3, R=6 and R=12, room temperature. The initial material (billet) was composed of aluminum (the core layer) and lead (the sleeve layer) ( Table 2) . There was obtained a series of products which were cut along to observe the phenomena occurring internally, within the core fracture in particular. There were also obtained graphs of the relation of force in the function of the punch displacement. The shape and dimensions of the composite extrusion samples and the sample products were shown in Fig. 1 . It was also analyzed a number of fracture criteria selected as suitable for the extrusion process ( Table 1) . In order to analyze the fracture criteria and to understand better the phenomena observed in experimental studies occurring in the extrusion process the FEM model was built by using the commercial program MSC Marc. allow to predict the effects resulting from the change of the input parameters in the extrusion process without the need of costy and time-consuming experiment. Consequently, this approach will allow to understand better the process of extrusion of composite materials and in the future it will give guidance for the design of such processes.
Fig.1
The shape and dimensions of the composite extrusion samples and the sample products.
Material of core -aluminum, material of sleeve -lead
In order to determine the friction coefficients between the layers of the composite and tools and the interlayer friction, the friction tests were performed by using tribotester T-01M, of a pin-ondisc type (without samples lubrication). Based on measurements of pressure load F N and circumferential force F T in the conducted test, the values of friction coefficients were calculated according to the formula (7). The obtained results of friction coefficients values for particular pairs of metals are summarized in the Table 3 . Boundary conditions used in modeling of the extrusion of composite materials were shown in Table 4 . where: F N -pressure load F T -circumferential force Geometric model of extrusion tools was built on the basis of the geometry of the tools used in the experiment. The discussed process is the axially symmetrical process, therefore in this case it is not justified to build the three-dimensional model due to the high demand for computing power in case of 3D models. It was assumed that perfectly rigid tools (die, punch) enter into contact with the deformable material feedstock. For the construction of the finite element mesh of the deformable sample there were used the elements of class 4 grade 10. simulation was performed by using automatic remeshing, which allows to continue the calculations in case of plastic deformations resulting in a large deformation of finite elements mesh.
To describe the properties of the material as isotropic there were used the characteristics determined while conducting the test of upsetting samples with different H/D ratio.
In the tested models a number of finite elements was taken into account, since considering the same size of elements, their number in individual cases would be different, depending on the geometry of the feedstock. Because of good compatibility with experimental results Coulomb friction model was used. The verification of the model was conducted by comparing the course and the extrusion force value obtained in the subsequent simulations with the force determined experimentally. Finally there was adopted the model that showed the greatest similarity to the results of the experiment. In order to calculate the value of individual criteria in every calculation step there were written procedures in Fortran language. Each of the analyzed criteria required a special procedure. The frameworks of PLOT-V subprogram were used. Some part of the procedure remained constant while another one was changing depending on the type of calculated criterion. Analytical form of used procedures was shown in Table 1 .
Results
As a result of modeling of the composite materials extrusion process there were obtained the courses of forces in the function of punch displacement (Fig. 2) , as well as the distribution values of the researched function for each fracture criterion (Fig. 3) .
Fig.2 An exemplary courses of force in the function of punch displacement (R=6).
Experiment (Pb-Al R i /R 0 =0,17) and simulation (FEM)
As the result of the extrusion experiment it was decided that the fracture of the core is initiated on average by the extrusion of 10% of the initial length of the sample. The analysis of the values of the criteria was carried out for the same conditions as in the experiment. The performed numerical analysis with an application of the appropriate procedures allowed to obtain distribution values of various criteria of fracture which facilitate an analysis of the suitability of particular solutions, e.g. in the extrusion process of composite materials. The figure shows the results for Brozzo, Cockroft-Latham, Freudenthal, Oyane Oh, Osakada-Mori criteria and the modified C-L criterion available in the standard software in MSC MARC (Fig. 3) . basis of the research results published in scientific literature. There were analyzed the criteria which give the best results when applied during the extrusion process. It was also taken into account the formula of the criterion and the factors included in it. The analysis done in case of the Freudenthal criterion (Fig. 3c) , which was characterized by the simplest form, and the occurrence of fracture depends on the fracture deformation and stress  H indicates the correct core fracture in the given time except R=6, Ri/Ro=0,17, where the fracture exists in the experiment and the criterion value in modeling does not exceed the critical value. An exemplary comparison of Freudenthal and C-L criteria was shown in Fig. 4 . Values of particular criteria in the place of fracture observed in the experiment (center of the die orifice) were measured. It perform measurements in grids nodes. Values of particular criteria (FEM) after extrusion of 10% of initial billet length are shown in Table 5 -11. The fracture occurrence in the experiment is shown in Table 12 . 4 Discussion C-L criterion, which makes the phenomenon of fracture dependent on the maximum stress on the main direction shows the fracture correctly except two cases R=6, Ri/Ro=0,17 and R=12, Ri/Ro=0,17; in all other cases the criterion value exceeds experimentally determined critical value (Fig. 3c , Table 6 ). Just as Brozzo criterion (Fig. 3a) where the occurrence of fracture depends on the fracture deformations and stresses  max and  m (Table 7) and Oh criterion (Fig.  3e, Table 9 ) where the occurrence of fracture depends on the fracture deformation and stresses  H and  max . Oyane criterion ( m ,  H ) indicates fracture much later for the value R=12, Ri/Ro=0.22, which is not consistent with the results of the experiment (Fig. 3d, Table 8 ).
Osakada-Mori criterion ( m ,  ) indicates fracture in all the analyzed cases (Fig. 3f, Table 10 ).
Thus, the modified C-L criterion indicates no fracture within the range of the analyzed options (Fig. 3g) . Moreover, it indicates zero for geometrical cases in which the core diameter is greater or equal to the dimension of the die orifice (Table 11) . Osakada-Mori criterion and available in standard software of Cockroft-Latham criterion gives the smallest degree of conformity with the results of the experiment (Table 12 ). The evaluation of the deformability of the complex material limited by fracture phenomenon, is possible thanks to the application of the checked fracture criterion implemented to the MES software, and it allows to determine the influence of 2. The evaluation of the deformability of the composite material limited by the fracture phenomenon allows to determine the influence of different factors, mainly: the relative size of the core (the volume share of the core in the composite, the value of the R coefficient , but also friction or the geometrical parameters of the die) on the nature of the fracture phenomenon. This allows to determine the range of acceptable deformations in the process of composite materials extrusion modeling and allows to adequate assessment of deformability of bimetallic rods with different characteristics of the components.
